The earthworm, Eudrilus eugeniae, has a prodigious ability to regenerate lost segments. The skin of the worm has an outermost epidermal layer followed by a thick circular muscle layer and an innermost thin longitudinal cell layer. During the process of regeneration, the circular muscle layer decreased in thickness, and longitudinal cell layer increased. The histological analysis of the regenerated worm shows that the longitudinal cell layer forms the regeneration blastema. BrdU-labeling retention assay confirmed that the circular muscle and longitudinal cell layers have BrdU-positive cells, which migrate from the adjacent segments to the regeneration blastema. In addition, it was noted that the cells of the earthworm, E. eugeniae, have the property of autofluorescence. Autofluorescence was found in the cytoplasm, but not in the nucleus. It has been also found that the major source for autofluorescence is riboflavin. Further, it was also demonstrated that supplementation with riboflavin increases the rate of regeneration, while regeneration was hampered by reduced levels of riboflavin. The importance of riboflavin in regeneration was also confirmed by rescue assay. In addition, it was also identified that BrdU-positive cells are highly fluorescent compared to the surrounding cells.
Introduction
T he segmented worm Eudrilus eugeniae belongs to the family Eudrilidae. The mature worm has about 80-100 segments [1] . The vital organs of E. eugeniae are located in the first 13 segments and consist of a mouth, simple brain, 2 pairs of heart, testis, seminal vesicle, rudimentary ovary, oviduct, and accessory glands of the ovary. A thick cylindrical collar-like structure, called the clitellum, which plays an important role in reproduction, is present in segments 13-18 [2] . The posterior part has some vital organs such as a pair of prostate glands, intestine, and the anus. All the internal organs are in the coelomic fluid, which also has different types of cells called coelomic cells. They have the property of autofluorescence [3] . The source of the fluorescence is mainly riboflavin. Autofluorescence has been reported in the body setae [4] too. The fluorescence activity of the other types of cells in the worm has not yet been studied.
In animals, autofluorescence has been reported in the scorpion [5] , spider [6] , butterflies [7] , jellyfish [8] , frog [9] , and many sea animals [10] . Chemical substances such as coumarin [5] or the modified amino acid dityrosine [11] have been reported as sources of autofluorescence in living systems. In humans, autofluorescence has been reported in the cytoplasm of the human hair follicle stem cell [12] . The fluorophore responsible for autofluorescence in the stem cell is not yet known.
Many animals have been used to study regeneration and stem cell biology. The salamander has been shown to regenerate its limb, tail, upper and lower jaws, ocular tissues such as the lens and retina, the intestine, and small sections of the heart [13] [14] [15] [16] . In axolotl, the transplantation of blastema from the amputated limb to the anterior chamber of the eye or a tunnel bored in the connective tissue of the dorsal fin leads to normal regeneration [17, 18] . It was also reported that cells retain the memory of their tissue origins during limb regeneration in axolotl [19] . Zebrafish has the capacity for regeneration and renews the myocardium vigorously and restricts scar formation [20, 21] . Axon regeneration in Caenorhabditis elegan reveals the regeneration of several neuron types, including motor and sensory neurons, upon injury [22] . The process of regeneration, from the planaria to amphibians, starts with the formation of regeneration blastema, which is a proliferative mass of undifferentiated progenitor cells from which new differentiated cells arise [23, 24] . The earthworm has a prodigious regeneration capacity, and studies on regeneration have been reported in earthworms such as Eisenia andrei, Eisenia fetida, Lumbricus rubellas [25] [26] [27] [28] [29] , Ptychodera flava [30] , and Enchytraeus japonensis [31] . In E. japonensis, regeneration is controlled by the nervous system [32] . In addition, it has been reported that in most of the oligocheate worms, a common morphological feature of the neoblast is the presence of undifferentiated cell types having a high nucleo-cytoplasmic ratio, a large nucleus with a large nucleolus and a basophilic cytoplasm [33] [34] [35] [36] [37] . Even though the earthworm is easy, economical to rear, and a convenient model system, the process of regeneration has not been worked out in detail.
In the present study, it has been found that the longitudinal cell layer in the skin forms the regenerative blastema. The BrdU-labeling retention assay revealed that BrdUpositive cells are present in the boundary of the circular muscle layer close to the epidermis and in the longitudinal cell layer. The BrdU-positive cells migrated into the blastema during regeneration. Interestingly, it was found that these cells have a strong fluorescent property compared with the surrounding cells, and the major source of fluorescence is riboflavin. Riboflavin is important for normal regeneration of the earthworm.
Materials and Methods

Culture and maintenance of earthworm
The earthworm, E. eugeniae, was maintained in a tub containing soil, cow dung, and leaf litter at an ambient temperature [38] .
Autofluorescence of coelomic fluid cells
To observe the autofluorescence of coelomic fluid cells, coelomic fluid was collected from the mature worm. It was smeared on a clean glass slide. The smear was fixed with 4% paraformaldehyde, briefly washed with 1 · PBS, and examined under a Nikon Ti-S inverted fluorescence microscope.
Histology
To study autofluorescence in the worm and the patterns of tissue formation during regeneration, histology was performed. The worm tissues were fixed with 10% formalin for 24 h and allowed to dehydrate (by gradient isopropyl alcohol from 60% to 100%), followed by clearing of the isopropyl alcohol with xylene, and then embedded in paraffin wax (Purchased from HiMedia Laboratories Private Limited). The block was sliced into 6-mm-thick sections using a microtome (Besto), and the sections were mounted on slides and viewed under a Nikon Ti-S inverted fluorescent microscope for autofluorescence, after which the slides were stained with a hematoxylin-eosin combination. Then, the staining pattern was documented. Solvents used for histology were purchased from Merck Specialities Private Limited, India.
Sample preparation for thin-layer chromatography
Earthworm tissues were homogenized with sterile distilled water. The homogenates were centrifuged at 5,000 rpm for 10 min (Eppendorf Mini Spin Centrifuge), and the supernatant was resolved by thin-layer chromatography.
Thin-layer chromatography
The slurry was prepared by mixing silica gel and water in the ratio 3:2. It was applied on the glass plate at a thickness of about 0.25 mm and the plate was allowed to dry at room temperature for 15-30 min. Then, the plate was kept in a hotair oven at 100°C-120°C for 2 h [39]. Samples were loaded on the plate, and resolved with a solvent mixture [butanol (7) :chloroform (4):acetic acid (5):ammonia (1):water (1)] and visualized under UV light. The thin layer chromatography (TLC) plate was further stained with ninhydrin. The spot visualized under UV was scraped off using a surgical blade and the scraped material was transferred to a microfuge tube. For eluting the fluorophore and riboflavin from the silica gel, distilled water was added and mixed well. The tube was then centrifuged at 10,000 rpm for 10 min, and the supernatant was used for thin-layer chromatography and spectrofluorometric analysis. Solvents used for the TLC were purchased from Merck Specialities Private Limited, India.
Estimation of riboflavin
The known concentration of riboflavin was resolved using thin-layer chromatography and visualized under UV light. By using imaging software NIS-Elements BR 3.1, the grayscale intensity was measured. From the data, a standard graph was generated and the concentration of riboflavin in the different samples of worm was determined.
A solution of riboflavin in distilled water was scanned using a spectrophotometer and the absorbance maxima were determined. A standard graph was then plotted by taking different concentrations of riboflavin. Using the standard graph, unknown concentrations of riboflavin in worm samples were calculated.
Spectrofluorometric analyses
Spectrofluorometric analyses were performed using the lysate of earthworm. Earthworm tissues were homogenized with sterile distilled water, and the lysate obtained was centrifuged at 5,000 rpm for 10 min (Eppendorf Mini Spin Centrifuge). The supernatant was collected, and it was subjected for spectrofluorometric analyses with standard riboflavin, flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD) (purchased from HiMedia Laboratories Private Limited).
BrdU labeling retention assay
The BrdU (purchased from Sisco Research Laboratories Private Limited) stock solution was prepared at a concentration of 10 mg/mL in 1 · PBS and each worm was injected with 10 mL of BrdU from the 20th segment to the 24th segments. The worm injected with BrdU was maintained for 30 days for chasing. On the 30th day the worm was amputated at the 11th segment and allowed to regenerate the lost part. The regeneration blastema appeared on the 4th day, and it was formalinfixed, paraffin-embedded, sectioned, and stained with anti-BrdU antibody.
Immunohistochemistry
To visualize BrdU incorporation, paraffin-embedded earthworm tissue sections (6 mm) were de-paraffinized with xylene and hydrated. Endogenous peroxidase was inhibited by incubation of the sections for 30 min with freshly prepared 10% H 2 O 2 and 10% methanol in 1 · PBS. The sections were 
Statistical analysis
Statistical analyses such as standard deviation, P value for BrdU-positive cells versus a positive control, and regeneration growth kinetics were performed using Microsoft Office Excel 2007.
Results
The earthworm, E. eugeniae, is shown in Fig. 1A . The clitellum of the worm begins at the 13th segment and ends at the 18th [2] . The segments upstream (from the 1st to the 13th) and downstream (from the 18th to the last) of the clitellum are called the anterior and posterior parts, respectively.
FIG. 1.
Regeneration studies in the earthworm, Eudrilus eugeniae. (A) The earthworm, E. eugeniae, has head, clitellum (from 13th to 20th segment), intestine, and tail. (B) Histological analysis of a control worm from 11th to13th segments. (C) Transverse section of 13th segment of normal worm shows outermost epidermal layer followed by circular muscle layer, and the innermost layer of the skin was a longitudinal cell layer. The next lining is the intestinal layer. (D) The worms were amputated at 11th segment, and the wound was healed after 24 h. (E) The amputated worm starts regeneration and forms the regeneration blastema at 48 h. (F) Histology analysis of 48 h regenerated earthworm. The longitudinal cell layers (third layer) cover the wounded area and proliferate to form the regeneration blastema as marked by the asterisk. (G) Magnified image of the regenerated site. The longitudinal cell layer proliferates and forms the regeneration blastema, as marked by the asterisk. (H) Regeneration blastema at 7th day after amputation. (I) The figure shows the histological analysis of 7th day regenerated blastema. In the regeneration blastema, septum was formed as marked by the arrow. B, blastema; E, epidermal layer; C, circular muscle layer; L, longitudinal cell layer; SV, seminal vesicle; BV, blood vessel; IL, intestinal lumen.
To study the regeneration process, 6 worms were taken and amputated at the junction of the 10th and 11th segments. The first 10 segments (1-10) contain the important organs as described earlier. The amputated worms were maintained in a rearing bed, and it took 24 h for the wound to heal at the posterior part of the worms (Fig. 1D) . The regeneration blastema was formed at the 48th hour in all the worms (Fig. 1E) .
The normal anterior segments (segments 1-10) and the regenerating blastema were subjected to histology analysis (Fig.  1B, C) and (Fig. 1F, G) . The pattern (Fig. 1B, C) shows that the worms have an outermost epidermal layer followed by a circular muscle layer. The innermost layer in the skin is longitudinal cells. These layers are shown clearly in the longitudinal (Fig. 1B ) and transverse section (Fig. 1C ) of the worms, indicating that all 3 layers (epidermal, circular, and longitudinal layers) are not even in the body of the earthworm. They are thicker in the dorsal side and their thickness gradually decreases toward the ventral side, as shown in Fig. 1C .
During regeneration, there was no change in the epidermal layer. In contrast, the thickness of the circular muscle layer reduced from 170 -3 to 98 -2 mm at the mid-part of the dorsal side. In contrast, the longitudinal cell layer, which was 100 -2 mm thick in normal worms, increased in thickness to 188 -3 mm during regeneration. In addition, the section of the worm at 48 h of regeneration shows that the regeneration blastema is formed by the longitudinal cells (Fig. 1F, G) . In the 7th day blastema shown in Fig. 1H , the formation of septum (Fig. 1I) (indicated by the arrow) was observed. Based upon the data it is concluded that the regeneration blastema is formed by longitudinal cells, and that these cells divide further to produce different types of cells to regenerate the lost segments.
BrdU-labeling retention assay was performed in order to locate the stem cells. Six worms were injected with BrdU (100 mg/g of worm) into the ceolomic fluid from the 20th segment to the 24th. The BrdU-injected worms were maintained carefully for 30 days. On the 30th day, the worms were amputated at the junction of the 10th and 11th segments. The regenerated blastema of the 4th day was subjected to sectioning, followed by immunohistochemistry with the antiBrdU antibody and a brief staining with hematoxylin. The data ( Fig. 2A) show the presence of a cluster of BrdU-positive cells in the blastema. These cells are shown in the boxes of Fig. 2A . The regions containing the BrdU-positive cells were documented with the 40 · objective (Fig. 2B-E) . The data clearly show that the BrdU-positive and surrounding cells are stained dark brown and blue (by hematoxylin), respectively. The data show that the mass of slow-proliferating BrdU-positive cells is surrounded by fast-proliferating cells that are BrdU-negative. To study the presence of BrdU-positive cells in the upstream segments of the blastema, segments 11-13 were sectioned and processed for immunohistochemistry with the anti-BrdU antibody. The data (Fig. 2F ) clearly show that BrdU-positive cells are present in the circular muscle layer, being particularly abundant in the circular muscle layer at the base of the epidermis. At the same time, a few BrdUpositive cells are also found in the longitudinal layer shown and marked by boxes in Fig. 2F . To study BrdU-positive cells in the normal worm, 3 worms were injected with BrdU (100 mg/g of worm) into the ceolomic fluid from the 20th segment to the 24th. These worms were maintained carefully for 34 days, after which they were processed for immunohistochemistry using the anti-BrdU antibody. The data from this study are shown in Fig. 2G , which clearly reveals the presence of a higher population of BrdU-positive cells in the regenerating worm (Fig. 2F) As a negative control, earthworm tissue sections were processed with control anti-mouse serum and data from this experiment are shown in Supplementary Fig. S1 . The data clearly show the absence of any reaction involving DAB, confirming that the earlier data with the BrdU antibody (Figs. 2 and 3E) are, in fact, signals corresponding to the reaction of DAB with the anti-BrdU antibody.
It has been reported that stem cells of the human hair follicle have a capacity for autofluorescence [12] . This property of stem cells has been documented by different groups [40] [41] [42] . In addition, cells that were differentiated from stem cells were not autofluorescent [43] . To check for the presence of autofluorescence in stem cells of the earthworm, two 6-mm sections were made longitudinally, and, first, it was examined by fluorescence microscopy (data shown in Fig. 3B-D,   F) . Then, the sections were immunostained with anti-BrdU antibody. One of the sections was developed with BCIP/ NBT (5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium) and the other with DAB. The results are presented in Fig. 3A and E, respectively. The data show almost all cells in the section fluoresced. Interestingly, BrdU-positive cells are highly autofluorescent compared with their surrounding cells. As a negative control, a thin section of rat kidney tissue was examined under the fluorescence microscope. No cells with the property of autofluorescence could be observed (data shown in Supplementary Fig. S2 ). The BrdU-positive cells fluoresced 2.3-fold more than the surrounding cells. To understand the statistics of the strong fluorescence of BrdUpositive cells, fluorescence cells were counted in a total of 100 BrdU-positive cells randomly selected from the regenerated blastema, circular muscle layer and longitudinal cell layer of the downstream segments of regenerated blastema. It was found that 79 -6 BrdU-positive cells were more fluorescent than the surrounding cells. The counting was performed thrice with 3 different mid-part sections.
It has been reported that the major source of autofluorescence in the earthworm E. fetida is riboflavin [44, 45] . To find the source of autofluorescence in the earthworm E. eugeniae, the tissues of the worm were homogenized and centrifuged, and the supernatant was subjected to thin-layer chromatography. The TLC data clearly showed yellowish-green spots that were visible to the naked eye. Under UV light, the spots fluoresced brightly with a yellowish-green color. The fluorescent compound in the worm and riboflavin had the following common characteristics: (1) the color of the compound, (2) fluorescence under UV, and (3) Same R f values in the TLC. To verify the data further, riboflavin (10 mg), 10 mL of the earthworm extracts, and a mixture of the supernatant of earthworm extract and riboflavin (5 mg) were resolved by TLC. Figure 4A shows only one spot from the mixture with an R f value identical to that of riboflavin, confirming that riboflavin mixed with the supernatant has the same R f value as the other samples chromatographed. From the data, it was concluded that the major source of autofluorescence of the worm tissues is due to riboflavin.
Spectrofluorometry was performed to further confirm the identity of the fluorescent material and also explore the existence of any other fluorescent material in earthworm tissue. The excitation and emission spectra of riboflavin, FAD, FMN, and nicotinamide adenine dinucleotide hydride (NADH) was obtained for comparison. These spectra are shown in Table S2 . This confirmed that the experimental data are within the range of the reported excitation and emission maxima of the above vitamins and their cofactors. Further, the lysate of the circular and longitudinal muscle layers of the worm was subjected to spectrofluorometric analysis, and data shown in Fig. 4D show that in addition to the 520-525 nm peaks, which are the emission maxima of riboflavin, FAD [51], and FMN [52], there is a peak at 497 nm. To investigate the source of the emission maximum at 497 nm, the lysate of the circular and longitudinal muscle layers (80 mg of protein sample) and pure riboflavin was subjected to thin layer chromatography. Under UV illumination, both riboflavin and the fluorophore of the worm lysate showed identical R f values ( Supplementary Fig.  S3A ). The spots corresponding to the fluorophore were scraped from the plate, and the substance (fluorophore) eluted as described in Materials and Methods. The eluates (from lysate and pure riboflavin) obtained were again resolved by TLC, and the fluorophore eluted from the scraped material as above. The eluates from the silica gel were then subjected to spectrofluorometric analysis (Fig. 4E , F for pure riboflavin and lysate, respectively).
Comparison of the spectrofluorometric data of the eluted fluorophore from the lysate ( Fig. 4F ) with that from direct spectrophotometric analysis of the lysate (Fig. 4D ) showed no great difference in the peaks at 497 and 522 nm. The data (Fig. 4E , F) clearly illustrate that both the eluted fluorophores from TLC materials (the lysate and the riboflavin) have an emission maximum at 497 nm. The experiment was repeated carefully 4 times and consistent data were obtained. The results confirm that during TLC, riboflavin undergoes modification. Hence, the emission maximum of eluted riboflavin shifted from 522 to 497 nm. Similarly, it has been reported by Chapman and Reid [48] that riboflavin can exist in various forms in the cell as follows: mostly, it is in the oxidized form in the cell. It is converted to the semiquinone by addition of a proton and an electron. The addition of one more electron to the semiquinone produces hydroquinone. Then, C4a-peroxyflavin was produced by oxidation of the hydroquinone by addition of 2 oxygen molecules to the carbon at C4. Finally, C4a-hydroperoxyflavin results by the addition of a proton to C4a-peroxyflavin. The report suggests that riboflavin exists in different forms in biological systems. In addition, as already known, carrier proteins bind with riboflavin for transport, and FMN & FAD as coenzymes bind with different proteins of the Krebs cycle [53] , amino acid synthesis [53] , and electron transport chain [53] . Hence, the reason for the 497 nm emission maximum of fluorescence of worm lysate could be protein interaction with riboflavin, FAD, or FMN. To confirm this, the presence of protein in the purified fluorophore of worm lysate was tested by the Bradford's method. The data showed the absence of protein in the eluted fraction of the fluorophore (data not shown). To confirm the data further, TLC technique was used as follows: The protein sample (80 mg) of circular muscle layer and longitudinal cell layer was loaded onto the TLC plate, and the protein was detected in purple at both the lysate loading spots. The path of the fluorophore on the TLC plate showed a purple color, and a trace of the color was also seen in at the fluorophore Supplementary Fig. S3A and B. The eluted fluorophore from 80 mg of protein lysate of circular and longitudinal tissue were resolved by TLC again and visualized under UV light ( Supplementary Fig. S3C) . The plate was then stained with ninhydrin ( Supplementary Fig. S3D ). The data show the absence of protein ( Supplementary Fig. S3D ) in the loading spot, and also in the running path of the fluorophore. The data suggest that the protein present in the eluate was effectively removed by the TLC separation and elution protocols. The absence of proteins in the eluted fluorophore could be due to the complete denaturation and precipitation of proteins by the mobile phase of TLC [butanol (7):chloroform (4):acetic acid (5):ammonia (1):water (1)], and the further centrifugation at 10,000 rpm for 10 min removed the trace amount of the protein contaminants from the fluorophore.
Taken together, the data shown in Supplementary Fig. S3 and the Bradford protein assay reveal that the fluorophore of worm lysate eluted from the TLC plate has no protein.
Hence, it is clear that the peak for the 497 nm emission maximum is not due to the protein complex of riboflavin, FAD, or FMN. Thus, it is concluded that the fluorophore (from worm lysate) responsible for the 497 nm emission maximum is nothing, but a derivate of riboflavin. Further studies are necessary to understand the nature of the riboflavin derivates present in the tissues of the worm. The data also suggest that the tissues of the circular and longitudinal muscle have significant amounts of NADH (emission maximum at 466 nm).
To extend the work further, lysate was prepared from the circular and longitudinal muscles of the regenerating worm, and the regenerative blastema, on the 4th day. They were subjected to spectrofluorometric analysis, and the data for these are shown in Fig. 4G and H, which clearly show that both the samples predominantly contain derivates of riboflavin (497 nm emission maxima), along with lesser amounts of riboflavin, FAD, and FMN. In addition to the above, a small amount of NADH is also present in both the samples. There was no significant difference between the normal and regenerating worm with respect to the fluorophores from circular and longitudinal cells. Interestingly, in the regenerative blastema, there were 2 unknown fluorophores: one with an emission maximum at 587 nm and another at 635 nm (Fig. 4H) . Further studies are needed to characterize these unknown fluorophores.
To extend the study further, the coelomocytes of E. eugeniae were observed under the fluorescence microscope. It was found that coelomocytes have the capacity to fluoresce (Fig. 5A-D) . The fluorescent property of the coelomocytes had been reported in many species of the earthworm. Cholewa et al. reported that only 11%-35% of coelomocytes in Allolobophora chlorotica, Dendrodrilus rubidus, E. fetida, and Octolasion sp. have the ability to fluoresce [3] . In contrast, it was found that all coelomic cells in E. eugeniae have the fluorescent property (Fig. 5A) .
The data given in Fig. 5E , G, and H show that all cells do not fluoresce with the same intensity. Cells at the boundary of the epidermis and circular muscle layer fluoresce more strongly. In addition, a few cells in the longitudinal cell layer also exhibit a higher degree of fluorescence. The cells fluorescing at higher intensity were counted in the section of the 11th and 12th segments. It was found that 112 -8 cells per segment had a 2.3-fold higher fluorescence than the others. Careful observation revealed that the fluorescence is from the cytoplasm, not from the nucleus (Fig. 5G, H) . The data fit with the report that riboflavin is localized in the cytoplasm rather than in the 2078 JOHNSON RETNARAJ SAMUEL ET AL.
nucleus [54] . Figure 5F shows thin sections of the above segments briefly stained with hematoxylin. In addition, it was also observed that solvents such as formaldehyde, isopropanol, and xylene used in histochemistry of the samples do not interfere with the fluorescent property of the cells.
To determine the amount of riboflavin in the worm, riboflavin in the tissues was estimated by TLC and spectrophotometry. It was found that the worm has abundant riboflavin, at a concentration of 477.5 -15 mg/g. It would be of interest to understand the biological significance of riboflavin enrichment in the earthworm tissues.
To demonstrate the link between riboflavin enrichment in the worm's tissues and its regenerative capacity, 3 sets of 6 worms each was injected with a specified quantity of riboflavin once a day for 3 consecutive days. First of the sets was injected with 1.4 mg riboflavin/g of body mass, while the second set received 2.8 mg riboflavin/g of body mass. For control, the third set of the worms were injected sterile water at the same frequency. On the 3rd day, all 3 sets of worms were amputated at the 10th segment, thus blocking the intake of food as the mouth was removed. The kinetics of regeneration in the riboflavin-injected worms was compared with the control set of worms. The data (Fig. 6D-F) show that an increase in the dosage of riboflavin accelerates the regeneration process. On the 3rd day after amputation, 1 -1 mm blastemas were observed with the lower-dose injection of riboflavin, while the blastema size increased to 2 -1 mm in worms given the higher-dose injection of riboflavin; in control worms, the blastema size was 1 -1 mm, similar to that of worms given the lower dose of riboflavin. Similarly, on the 5th day, blastemal size was 2 -1, 4 -1, and 2 -1 mm in the lower-dose injected, higher-dose injected, and control worms, respectively. Likewise, on the 7th day, 4 -1, 8 -1, and 4 -1 mm blastemal size was observed, respectively. These data clearly show that riboflavin promotes the regeneration process.
It is known that the riboflavin can be synthesized by microbes [55] [56] [57] and plants [58] [59] [60] . To understand the source of riboflavin production, a set of 6 worms was injected once a day for 3 consecutive days with a mixture of antibiotics at the following concentrations: penicillin, 10 U; amphotericin B, 0.025 mg; streptomycin, 0.010 mg. The control set of worms received an injection of 10 mL of sterile water at the same frequency. Penicillin and streptomycin have a broad-spectrum action against both gram-positive and gram-negative organisms, while amphotericin B is an anti-fungal agent. It was found that riboflavin production was reduced into 74 -5 mg/g body mass after injection of antibiotics (Fig. 4B) . The injection of antibiotics reduced the concentration of riboflavin to 1/7 the concentration in the control worms. The data confirm that microbes are the source of riboflavin in the earthworm. To understand the role of riboflavin in the regeneration process, it is necessary to reduce the riboflavin content in the worm. For this, 2 sets of 6 worms each were injected with a combination of penicillin, amphotericin B, and streptomycin. Two doses of the antibiotics (penicillin, 5 U; amphotericin B, 0.0125 mg; streptomycin, 0.005 mg) and (penicillin, 10 U; amphotericin B, 0.025 mg; streptomycin, 0.010 mg) were injected once a day for 3 consecutive days into separate sets of worms. The control set of worms received an injection of 10 mL of sterile water at the same frequency. On the 3rd day, all the 3 sets of worms were amputated at the junction of the 10th and 11th segments. The results of this experiment are shown in Fig. 6G-I . On the 3rd day after amputation, 1 -1 mm blastemal size was observed at the lower-dose injection of antibiotics, while no blastema was observed in worms given the higher-dose injection of antibiotics. The control worms had a blastema size of 1 -1 mm on The control worm was injected with sterile water and amputated at 10th segment. After the 2nd day wound healing, on day 3, the regeneration blastema was observed. (B, C) The observed growth of regeneration blastema on 5th day and 7th day, respectively. (D) The worms were injected with 2.8 mg/g riboflavin once a day for 3 days. After 3rd day the worm was amputated at 10th segment. The wound was healed at 2nd day. On 3rd day, the regeneration blastema was observed. (E, F) The growth of regeneration blastema on 5th and 7th day, respectively. (G) The worms were injected with antibiotics (penicillin, 10 U; amphotericin B, 0.025 mg; streptomycin, 0.010 mg) once a day for 3 days. After 3rd day the worm was amputated at 10th segment. The wound was healed at 2nd day. On 3rd day, no regeneration blastema was observed. (H, I) The growth of regeneration blastema on 5th day and 7th day. ( J) The worms were injected with antibiotics (penicillin, 10 U; amphotericin B, 0.025 mg; streptomycin, 0.010 mg) and 2.8 mg/g riboflavin with a time interval of 12 h once a day for 3 days. After 3rd day the worm was amputated at 10th segment. The wound was healed at 2nd day. On the 3rd day regeneration blastema was observed. (K, L) The growth of blastema on 5th and 7th days, respectively. (M) The regeneration growth kinetics upon injection of sterile water, antibiotics, riboflavin, and antibiotics + riboflavin on earthworm was shown in a bar diagram with standard error. *P value < 0.024. the 3rd day. On the 5th day, 2 -1, 1 -1, and 2 -1 mm blastemal size was observed in the lower-dose, higher-dose antibiotics, and sterile water-injected worms, respectively. Likewise, on the 7th day, 3 -1, 2 -1, and 4 -1 mm blastemal size was observed in the lower-dose, higher-dose, and zero-dose antibiotics-injected worms, respectively. Taken together, the results showed that antibiotic injection reduces the concentration of riboflavin in the worm, and that antibiotic administration hampers the kinetics of blastema formation. The reduction of blastemal growth may also be due to the side effects of the antibiotics.
To confirm the results obtained on suppression of blastemal growth by antibiotics, a rescue assay was performed. A group of 6 worms was first injected with antibiotics (penicillin, 10 U; amphotericin B, 0.025 mg; streptomycin, 0.010 mg), followed by an injection with riboflavin (2.8 mg riboflavin/g body mass) after 12 h. The control set of worms received 10 mL of sterile water injection at the same frequency. This injection pattern was repeated for the next 2 days. On the 3rd day, all the sets of worms were amputated from segments 1-5, thus blocking the intake of food as the mouth was removed. Regeneration was observed on the 3rd day after amputation. The regeneration rates of the control worm and those injected with antibiotics and riboflavin are shown in Fig. 6A -C and J-L. The results clearly show that upon injection of antibiotics followed by riboflavin, the regenerative capacity of the worms, hampered by the injection of antibiotics, was revived by the subsequent injection of riboflavin. On the 3rd, 5th, and 7th day after amputation, 2 -1 & 1 -1 mm, 4 -1 & 2 -1 mm, and 6 -1 & 4 -1 mm blastemas were observed in worms injected with antibiotics followed by riboflavin, and control worms, respectively. Taken together, riboflavin is observed to reverse the inhibitory effect of antibiotics on blastemal growth. For example (Fig. 6M) , the riboflavin-injected worm generated 2 -1 mm of blastema on the 3rd day, while injection of antibiotics alone did not result in blastemal growth till the 3rd day. Similarly, the rescue effect of riboflavin was observed on the 5th day. In contrast, the inhibition of blastemal growth was not completely rescued even on the 7th day in worms injected with antibiotics alone. The difference in the size of the blastemas on the 7th day between riboflavin-injected worms and those injected with antibiotics followed by riboflavin is 1 mm. This difference might be due to the adverse effect of antibiotics. It is known that antibiotic injection causes such adverse effects [61] . Hence, the rescue assay data clearly confirm that riboflavin is not only the major source of autofluorescence but also the key factor for regeneration in the earthworm, E. eugeniae.
Discussion
Regeneration is the process of restoration of lost body parts. It was reported that during the regeneration process, a regeneration blastema was formed with a proliferative mass of undifferentiated progenitor cells, from which newly differentiated cells arise [23, 24] . The wound of an amputated site was healed quickly at 24 h in the earthworm, E. eugeniae. The regeneration blastema formed at 48 h after amputation is soft and transparent. During regeneration, the reduction of cell density in the circular muscle layer and the increase of the longitudinal cell layer suggest that the circular muscle cells may be differentiated into longitudinal cells or may undergo apoptosis. The amputation at segments 10-11 removed not only vital organs such as the heart and the simple brain, but also the mouth. The removal of the mouth blocks the intake of nutrients. In this critical situation, apoptosis leading to loss of circular muscle cells may not occur. Hence, the removal of the circular muscle layer by apoptosis may cause additional energy loss, and differentiation of the circular muscle cells into the longitudinal cell layer could save the energy for the rest of the regeneration process. Hence, there is a greater possibility for differentiation of the circular muscle layer into the longitudinal cell layer.
The longitudinal cells further divide and form the blastema. The complete regeneration of the anterior part of the worm took 24 days. Hence, the experimental data suggest that cells of the blastema, which is formed by longitudinal cells, have the ability to differentiate into many different types of cells to regenerate the organs present in segments 1-10. The histological data of the 7th day regeneration blastema clearly show the formation of septa, but organs were not yet developed in the segments. The data suggest that the internal organs are developed after the formation of segments.
The presence of BrdU in the blastemal tissue ( Fig. 2A) , which is produced newly, confirms the migration of BrdUpositive cells from the adjacent segments to the blastema. Besides, the predominant niche of BrdU-positive cells in the 11th and 12th segments (upstream of the blastema) in the junction of the circular muscle layer and epidermis (Fig. 2F) further supports the stem cells to migrate from the 2 layers of skin to the blastema. The presence of more BrdU-positive cells in the 11th and 12th segments during regeneration (Fig.  2F, H ) than in the control worm (Fig. 2G, H ) might be due to either the migration of stem cells from the downstream segments to amputation site or renewal of stem cell.
In accordance with the previous reports [44, 45] , the data of TLC and spectrofluorometry (Fig. 4) [62] . In this study, it is proved that riboflavin is essential for regeneration too (Fig. 6J-L) . In general, gut microbes produce ethanol, riboflavin, other vitamins, and secondary metabolites. In the scenario, Rawls et al. [63] reported that in a microbe-free (sterile) environment, the development of zebrafish was affected, leading to the formation of developmentally abnormal young ones. However, they did not find the substances whose absence was responsible for the developmental defects. The abnormal development of zebrafish in a sterile environment may be due to the riboflavin deficiency as the regeneration of organs from the blastema is comparable with the normal process of embryogenesis.
The data on strong fluorescence from BrdU-positive cells (Fig. 2) confirm that stem cells have the capacity to accumulate more riboflavin than the surrounding cells. The fluorescence of stem cells has been reported in rat and mice [40] [41] [42] . Interestingly, Wun et al. reported autofluorescence of human skin stem cell. Hence, it is concluded that the fluorescent property of stem cells is conserved from worms to humans. The studies on riboflavin accumulation in the cell can shed light on stem cell and regeneration biology. The earthworm, E. eugeniae, is an ideal model to study the mechanism of riboflavin accumulation in stem cells, and the role of riboflavin in stem cell biology and regeneration.
AUTOFLUORESCENCE AND REGENERATION 2081
tion of autografted whole and fractional blastemas. INDIA has the third largest sheep population in the world 1 , with about 40 breeds of sheep. They are affected by many diseases such as foot rot disease, foot scald disease, external parasite diseases, internal parasite diseases, mastitis, clostridial diseases and listerosis caused by worms, bacteria, fungi, viruses and other external factors 2 . Abscess formation has been reported in sheep and goat population. Mycobacterium and the Corynebacterium pseudotuberculosis form external abscessation. Caseous lymphadenitis is a chronic lymph node infection in both sheep and goats, which is caused by C. pseudotuberculosis. Abscessation of both internal and external lymph nodes is possible in the diseases 3 . In the present work, abscess in the sheep and goat population was studied. Statistical analysis of the disease shows that it is female-specific. Gram staining performed with a thin section of the tissues of the abscess showed that the pathogen of the disease was a rod-shaped, Grampositive bacteria. The bacterium from the abscess was isolated and the isolate stored in the laboratory under the name 062011 msu. The bacteria was found to belong to the Bacillus sp. In vitro experiments with the pathogen showed that it was sensitive to tetracycline and ciprofloxacin. The administration of antibiotics for a week dissolved the abscess completely.
A sheep flock from Maruthamputhur village near Alangulam Region, Tirunelveli District, Tamil Nadu (lat. 8.83546q and long. 77.51509q) was used for the study and the infected sheep were carefully maintained. Seven types of sheep were reared in sheep farm and the flock had 200 sheep. All the sheep were fed with grass from a nearby forest and agriculture land; water was available in the farm and in the nearby natural ponds.
All experimental procedures were approved by the ethical committee of Manonmaniam Sundaranar University, Tirunelveli, India. The abscess was collected from the infected sheep, with the help of a sterile surgical blade.
The Gram-staining method was performed using the HIMEDIA Gram-staining kit. Briefly, the culture smear was prepared on a clean glass slide. Then, a drop of crystal violet was added and it was incubated for 2 min at room temperature. The excess stain was washed with tap water. The sample was incubated with Gram's iodine for 2 min. The slide was rinsed with water and decolourized with 95% ethanol. Finally, the sample was covered with a few drops of safranin for 2 min. After brief washing with tap water, the slide was air-dried. Then the slide was observed under the microscope.
The bacterial culture was smeared, heat-fixed and flooded with carbol fusion stain. The slide was heated for 3-5 min and cooled followed by washing with distilled water. The smear was decolourized with acid-alcohol for 10-30 s until the slide becomes faint pink; it was then washed with water. Finally, the sample was subjected to counter stain by covering it with methylene blue solution for 1-2 min. The excess stain was washed with distilled water and the slide was dried using a blotting paper. It was then observed under the microscope.
The collected abscess portion of the tissue was fixed in 10% formalin fixative for 24 h. The fixed tissue was washed with water and then the sample was subjected to the dehydration process, which was accomplished by passing the tissue through a gradient of isopropyl alcohol from 70% to 100%, followed by clearing the isopropyl alcohol using xylene and embedded with paraffin wax (HIMEDIA). Then, a thin section of 7 Pm thickness was obtained using a microtome (Besto). The section was processed and subjected to haematoxylin-eosin basic staining protocol. The slide was mounted with DPX (distrene plasticizer xylene) and observed under the microscope for documentation. In order to identify the biochemical characteristic of the pathogen, the following biochemical tests were performed using the HIMEDIA kit: spore formation test, methyl red, catalase, urea hydrolysis, citrate, oxidase, starch hydrolysis and casein hydrolysis test, according to the manufacturer's protocol.
2. Madras Red, 40 in number; female -23; male -17 (27 adults and 13 young ones); 3. Kenguri, 30 in number; female -19; male -11 (24 adults and 6 young ones); 4. Kilakarsal, 35 in number; female -22; male -13 (27 adults and 8 young ones); 5. Meechari, 20 in number; female -14; male -6 (15 adults and 5 young ones); 6. Vembur, 25 in number; female -18; male -7 (18 adults and 7 young ones). The goat variety was called as Kodi adu, 10 in number; female -6; male -4 (7 adults and 3 young ones; Figure 1 a) . The abscess was found in Kilakarsal (35%; 12/35) and in Kodi adu (10%; 1/10), which was the least infected breed among the sheep and goat population (Figure 1 b) . It was also found that all the infected animals were adult females, and the abscess was not observed in any male and young ones. Generally, the abscess is found all over the body in an infected individual, except the head, ear and udder. Interestingly, a single abscess was found on the hind leg of an infected sheep (Figure 2 a) . The mean size of the abscess was 6.5 r 1.5 cm in diameter. A close-up view of the abscess is shown in Figure 2 b. The gradual increase in the size of the abscess was noted. Finally it became slightly pinkishred in colour. Then, the abscess was broken and the pus was released along with the fluid as shown in the Figure  2 c. The abscess had caused reduction in milk production and also loss of body weight in the sheep. The infected animals which were not administrated with suitable antibiotics died. The tissue of an early abscess of an infected individual was subjected to thin sectioning by histopathological technique as described earlier. The section was stained with eosin and hematoxylin. Figure 3 a illustrates the presence of enlarged nucleus and loss of cells in the infected tissue, whereas in the control tissue the nucleus remains normal. A thin section of the abscess was subjected to the Gram staining. Figure 3 b clearly shows the presence of rod-shaped bacteria inside. The For molecular characterization of the organism, genomic DNA was isolated from the bacterial isolate using phenol-chloroform extraction method 4 . The quality of the genomic DNA was checked using UV spectrophotometer. In order to amplify the 16s rRNA gene, universal primers (forward primer: GGTTACCTTGTTACGACTT and reverse primer: AGAGTTTGATCCTGGCTCAG) were used and PCR were performed 5 . Then the amplified PCR product was purified using the DNA purification kit (GeneJET™ Gel Extraction Kit, Cat. No: #K0691, Fermentas, USA). The amplified DNA was sequenced.
The 16s rRNA sequence of the pathogen and other bacteria was aligned using Align X software and the phylogenetic tree was constructed 6 . Among the 200 individuals of sheep and goat, there were six different breeds of sheep. 1. Ganjam, 40 in number; female -28; male -12 (34 adults and 6 young ones); data confirm the causative agent of the abscess as Grampositive bacteria. The bacterium was 2 r 0.5 Pm in length and 0.5 r 0.2 Pm width.
The hair around an early abscess was removed by shaving with a razor blade. Then, the area was surfacesterilized using 70% ethanol, and about 2 cm deep biopsy was taken. The biopsy was sterilized by washing in sterile PBS using the serial dilution technique. It was homogenized under aseptic condition in sterile nutrient broth and filtered through a cheese cloth. Then the bulk debris of the tissues was removed by differential centrifugation technique. The supernatant was spun at 5000 rpm for 10 min. The obtained pellet was suspended in sterile nutrient and plated in nutrient agar plate. Two colonies were obtained, which were subjected to Gram staining (Figure 4) . The data clearly show that the two colonies were Gram-positive, rod-shaped bacteria. The shape and size of the bacteria of the pure culture ( Figure 4 ) and of those seen in the histological section of the infected abscess ( Figure 3) were morphologically the same. The two colonies were subjected to a series of biochemical tests. Table 1 provides a summary of the tests and the results are shown in the 'supplementary data' (Supplementary figures 1-9; available at online). From the data, it can be inferred that the two colonies obtained are the same. In addition, the pathogen was subjected to spore formation test as described earlier. The pathogen did not form any spore for a week. The subterminal endospore was noted on the 8th day of incubation of the slant inoculated with the pathogen at 37qC (Figure 5 a) . On the 10th day, the vegetative cells were not seen, and the complete spore was observed (Figure 5 b) . Following the Bergey's Manual of Bacteriology 8 , the isolates were identified as Bacillus sp.
C. pseudotuberculosis is a well-known abscessforming pathogen for the sheep and goat population. Hence to further confirm the species of the isolated organism, the genomic DNA of the pathogen was isolated using the standard protocol as described earlier. The PCR reaction was performed using the universal primer for 16s rRNA gene. The PCR product was purified and sequenced with the forward primer. Then, the sequence was CURRENT SCIENCE, VOL. 103, NO. 8, 25 OCTOBER 2012 923 Figure 5 . Spore formation test. a, The pathogen was observed to form a subcentral endospore on the 8th day after inoculation. b, On the 10th day after inoculation, a few vegetative cells were observed. The spore and vegetative cells were stained with blue and pink colour respectively. The spore of B. anthracis is highly resistant to high temperature and low-nutrient environments, and it survives for several years in the harsh environmental conditions 8 . Because the 16s rRNA sequence of the pathogen did not match with any species of Bacillus (Supplementary figure 11) , it has been concluded that the organism is a novel species of Bacillus sp. and named as Bacillus sp. 062011 msu.
Then the pure culture of the pathogen was subjected to antibiotic sensitivity assay. A total of seven antibiotics were screened for the in vitro experiment, as shown in Figure 6 a and b. The pathogen Bacillus sp. was resistant to the following antibiotics: ampicillin, amikacin, trimethoprim, and gentamicin. The pathogen was sensitive to tetracycline with 10 mm diameter zone of inhibition ( Table 2 ). The second best among the tested antibiotics was ciprofloxacin with 9 mm zone of inhibition. As a final step, to test the antibiotics which have the potential to inhibit the pathogen in vivo, 10 different infected individuals were administrated with 100 mg/20 kg tetracycline twice a day for 7 days orally. During the course of the antibiotics, a reduction in the size of the abscess was observed ( Figure 6 c and d) . Finally, the abscess was completely dissolved in a week's time. Similarly, 100 mg/20 kg ciprofloxacin was administrated twice a day for 7 days for 10 different sheep and the abscess completely disappeared in a week's time. The data clearly confirm that tetracycline and ciprofloxacin are the potent antibiotics to cure the disease caused by the pathogen, Bacillus sp. Thus the finding of Bacillus sp. adds one more genus other than Corynebacterium which can form abscess in the sheep and goat population. Sheep and goat farming is a source of income for a large population of small and marginal farmers in India. Sheep have the most important economic value in the world because of their use as food, wool and leather. The observation of abscess in the goat and sheep population suggests that only the adult female is the victim of the disease. Usually infants are susceptible to bacterial diseases. For example, pertussis most commonly affects infants or young children and can be fatal, especially in babies less than 1 year of age 9 . Chlamydia is a bacterial disease affecting sheep, goats and cattle. The new born sheep is preferentially infected by chlamydia 10 . Streptococcal septicemia is a severe bacterial infection that affects newborn infants 11 . Watery mouth disease develops quickly and predominantly kills new born lambs 12 . Tuberculosis is a chronic bacterial disease in animals and humans characterized by the progressive development of specific granulomatous lesions of tubercles in the affected tissues. The disease affects all age groups of susceptible hosts and is accountable for more deaths throughout the world than any other bacterial disease ever today [13] [14] [15] [16] [17] [18] . However, the abscess caused by the newly characterized Bacillus sp. was not observed in any infant or male sheep and goat in the farm. The reason for the sex specificity is not yet known. However, this knowledge is important to control the disease in the farm.
For the penicillin-based antibiotics, the isolates of Bacillus sp. did not respond efficiently when compared with that of the antibiotics tetracycline and ciprofloxacin. For the treatment of Bacillus sp. infected sheep and goat, tetracycline or ciprofloxacin at the concentration of 100 mg/20 kg injected twice a day for 7 days was enough to completely cure the abscess-forming disease. It has been reported that the treatment of C. pseudotuberculosis is more difficult and there is a lack of complete efficient treatment for the infected sheep and goat. However, for Bacillus sp. infected sheep and goat, the remedy is simple, efficient and cost-effective to cure the disease completely. The testis of the earthworm is highly proliferative, containing progenitor cells, from which mature sperm cells are produced. After four mitotic divisions, the spermatogonia cells enter the seminal vesicle (Troyer 1980) and undergo the following stages: morula (16-cell stage), spermatocytes (32-and 64-cell stage), spermatids (128-cell stage), and ultimately, the mature sperm (Troyer and Cameron 1980; Kruger et al. 2008 ). The mature sperms are stored in the seminal vesicle (Troyer and Cameron 1980) . During copulation, mature sperm cells move back into the testes sacs and are ejaculated into the spermiducal funnels (Troyer 1980) . Then, through the vasa deferentia (tube-like structures connecting the seminal vesicle with the genital pore), the sperm passes out through the male genital pores (Kruger et al. 2008) .
The various reports describe the effects of different chemicals on the reproduction and sperm of the earthworm. In the case of pentachlorophenol cocoon, production and hatching are affected. The chemical mercury is more toxic to Octochaetus pattoni (Abbasi and Soni 1983). These metals besides having toxic effect on earthworms can also have sublethal effects on growth and reproduction. Exposure of cadmium nitrate to Lumbricus terresris exhibited significant reduction in spermatozoa from testes and seminal vesicles (Cikutovic et al. 1993 ). Corpas et al. (1995) reported that exposure of lead to Eisenia fetida causes damage in the spermatogonia and spermatocytes. The reproductive parameters of earthworms exposed to toxic chemicals seems to be useful bioindicators of soil pollution and promising tools to predict genotoxic damage of the germ cell elements. Hence, earthworms have a wide range of characteristic features that make them the most suitable animals to be used as a bioindicator for testing soils pollution (Beyer and Cromartie 1987; Goats and Edward 1988; Calahan 1988; Corp and Morgan 1991) .
A disintegrating atom emits alpha, beta, and gamma rays, or a combination of these types. X-rays and gamma rays are called ionizing radiations while alpha and beta rays are non-ionizing in nature. Exposure to radiation causes severe damage to the living system (Mullenders et al. 2009 ). Hence, it is important to monitor levels of radiation in the soil. The earthworm is an apt living system to study the hazards of soil radiation. Hertel-Aas et al. 2007 studied the effect of radiation on the reproduction of the earthworm, E. fetida, and found that chronic irradiation reduces the reproductive capacity of E. fetida (Nakamori et al. 2009 ).
The above-expressed reports illustrates that the reproduction of the earthworm can be affected by both chemical and the radiation hazards in the soil. Since the world depends on atomic power stations for energy, it is essential to expand the knowledge of monitoring radiation hazard. In these circumstances, finding of radiation-specific phenotypes in the irradiated earthworm will be constructive for screening the impact of radiation on living systems of soil.
In the present study, earthworm Eudrilus eugeniae is used to monitor the radiation hazard. The mild irradiation on worm caused the following unique phenotypes in the structure of the sperm: fragmented acrosome in the head, break in the tail of the sperm and formation of the zigzag sperm tail. The studies of the sperm morphology can be used as a tool to access radiation hazard in the local area.
Material and methods
Rearing of earthworms
The earthworm, E. eugeniae was used as a test animal for this study. E. eugeniae was cultured and maintained in the laboratory in a plastic tub containing soil, cow dung, and leaf litters at room temperature (Viljoen and Reinecke 1992) . The earthworm E. eugeniae, is a segmented worm containing 80-100 segments. The segments 1-13 and a thick cylindrical collar region from13th to 19th constitute the preclitellar region and clitellum, respectively. The segments downstream of clitellum comprise the postclitellar region. Reproductive organs such as the seminal vesicle and testis are located in segments 10-11 and 11-12, respectively.
Injection of chemicals
Healthy earthworms of similar sizes, ranging from 1.0 to 1.2 g in body weight, were carefully selected for the experiments. Chemicals such as glucose, sodium arsenate, mercuric chloride, lead acetate, and ethidium bromide (purchased from HiMedia Laboratories Pvt. Ltd. India) at three different concentrations (5, 10, and 25 μg in 5 μl volume) were injected into the worms using a 30-gauge needle. In these experiments, glucose was used as negative control. After 24 h, the sperms were collected and their morphology was observed. Earthworms injected with phosphate buffer saline (PBS) were considered the control group.
Irradiation by X-ray Worms of 1.0 to 1.2 g body weight was irradiated with X-rays for 25, 50, and 75 mSv. Morphological changes in the sperm at 24th hour were documented.
Collection of sperm
The anterior part, including the clitellum of the worm, was cut off and dissected. The testes was taken out and gently macerated with a fine-tipped forceps. Samples were suspended in saline at room temperature, and the cells were fixed with freshly prepared solution of methanol-glacial acetic acid in 3:1 ratio. After mounting, they were stained with 2.5 % giemsa in the phosphate buffer for 10 min. The slides were then viewed under the microscope.
Immunofluorescence staining
Sperms were fixed with methanol-glacial acetic acid mixture (3:1) and the fixed samples were treated with 0.05 % Triton X-100 in 1× PBS. They were incubated at room temperature with 0.5 μg/ml of DAPI (4′,6-diamidino-2′-phenylindole, dihydrochloride) in 1× PBS for 20 min, followed by three washings with 1× PBS to remove excess DAPI. DAPI selectively binds to the minor groove of the A-T regions of DNA and fluoresces under the UV light (Morikawa and Yanagida 1981; Lawrence and Possingham 1986; Kubista et al. 1987 ). The samples were finally mounted and were viewed under the fluorescence microscope (Nikon Ti S) using phase-contrast mode. The mature sperm cells of E. eugeniae have a 20±4-μm head and an 80±4-μm-long tail. One hundred sperms of the worms subjected to the different doses of X-rays and chemicals were examined carefully under the microscope.
Results and discussion
The earthworm, E. eugeniae is shown in Fig. 1a . It is commonly referred to as West African night crawler, which occurs all over the world (Shagoti 1985; Segun 1998 ). E. eugeniae is usually referred as epigeic species (Dominguez et al. 2001 ) because they reside in 10 cm depth of the soil surface and recycle the organic waste materials (Lee 1985) . The chemicals and radiation hazards made by the humans is on the surface of the soil in the depth of about 15 cm-1 m (Chowdhury et al. 2005; Zaini et al. 2008 ). Hence, the earthworm E. eugeniae is suitable for monitoring both radiation and chemical hazards.
Sperm and its production are sensitive for chemical and radiation exposure (Friedler 1996) , and radiation affects rapidly dividing cells (Neel et al. 1990 ). The sperm is produced in the testis, and stored at the seminal vesicle. The earthworm, E. eugeniae was dissected as described in "Materials and methods" section, and the reproductive parts of the earthworm were shown in Fig. 1b . Then, the sperm was collected, and it was observed under phase-contrast microscope (Fig. 2a) . To confirm this, the sperms were stained with DAPI and observed in the fluorescence microscope. DAPI selectively bound with the nuclei of the sperm head and fluoresced as shown in Fig. 2b . The tip and the bottom of the sperm head were not stained with DAPI. The tip resembles the acrosome of the human sperm, and the bottom (unstained by DAPI) resembles the collar of the human sperm (Jockenhovel et al. 1990 ). Thus, it is confirmed that the sperm of E. eugeniae is morphologically similar to the human sperm. Figure 2c is the merged image of phase-contrast (Fig. 2a) and fluorescence (Fig. 2b ) microscopies in order to study the nucleated region of the sperm.
It was found that the morphology of the sperms collected from the worms injected with different concentration of glucose were normal (Fig. 3a) as the sperm shown in Fig. 2a . Since the glucose is important molecule for the living system from bacteria to human, it was injected for the purpose of negative control. Then, different toxic chemicals mercuric chloride, sodium arsenate, and lead acetate were injected, and the sperms were observed as described in the materials and methods. The same data were obtained in the sperms of worms injected with 5-, 10-, 25-μg concentration of mercuric chloride, sodium arsenate, and lead acetate. The Fig. 3b shows the sperm obtained from 25-μg concentration of sodium arsenate-injected worm. There was no phenotypes was noted on the sperm morphology in the studies of worms injected with different concentration of mercuric chloride and lead acetate individually (data not shown). The data confirm that the toxic chemicals mercuric chloride, sodium arsenate, and lead acetate have no effect on morphology of sperm. Similarly, Rongquan and Canyang (2009) also reported that the earthworm Pheretima guillelmii does not show any morphological phenotype in the sperm except sharp decrease in the body weight of the worm upon the exposure of lead. But chronic exposure to heavy metals caused a reduced sperm production (Reinecke and Reinecke 1997). The exposure of worm E. fetida to sublethal concentration of lead with manganese, it was observed that the cellular damage of spermatozoa including breakage and loss of nuclear and flagella, thickening of cell membranes, malformed acrosomes, and loss of nuclear material (Reinecke and Reinecke 1997) . Reinecke et al. (1995) reported that exposure of E. eugeniae to the pesticide dieldrin resulted in structural damage, particularly to the nucleus, of the sperm.
Mercuric chloride exposure has caused significant reduction in the sperm motility in the mummichog, Fundulus heteroclitus (Abu and Judith 1987) . Similarly, reports have been illustrated that the chemicals exposure affects the sperm production in mammals. Al-Omar et al. (2000) reported that lead causes decrease in seminiferous tubules diameter in adult rats. Corpas et al. (2002) showed that lead acetate causes decrease in the diameter and epithelial thickness of rat seminiferous tubules. The potential toxicity of metals, such as lead, cadmium, chromium, selenium, and arsenic, caused alteration in sperm morphology, count, motility as well as biochemical disruptions of enzymes and hormones. Acharya et al. (2003) described an increase in the number of sperm with abnormal morphology and a decrease in sperm counts in mice after a single intraperitoneal injection of 100 mg lead acetate/ kg of body weight. They reported that significant decline in sperm count is due to the genotoxic activity of lead.
In contrast, the sperm of worms exposed to ethidium bromide at a concentration of 25 μg caused fragmented acrosome in the head (Fig. 3c) . Ethidium bromide is an intercalating agent that binds in between the two strands of DNA (Lunn 1990 ). The intercalation of ethidium bromide in DNA could cause DNA damage by interfering DNA replication and transcription effectively. The severe DNA damage activates the following varieties of cellular responses: (1) cell cycle arrest, (2) DNA repairing pathways, (3) express stress related genes, and (4) apoptosis. Hence, the ethidium bromide-induced fragmented acrosome in the head of the sperm could be either direct or indirect effect. The indirect effect may be due to the any one of the cellular responses induced by the ethidium bromide to keep the gene pool from the damaged or mutated sperm which could ground the birth of defective young one. However, the sperm of worms injected with ethidium bromide at concentrations of 5 and 10 μg showed no morphological changes. The data suggest that the fragmented acrosome in the head depends on the dose of ethidium bromide. The graph in Fig 3d indicates that, of all the substances tested, only ethidium bromide damages the sperm head. Hence, the studies of sperm morphology could be used to assess the carcinogen pollution of the soil. Similarly, Rodriguez and Bustos-Obregon (2000) observed that malathion inhibit DNA synthesis in the seminiferous epithelium and are cytotoxic for spermatogenic cells in mice. Atef et al. (1995) have demonstrated that malathion elicit morphophysiological damage of sperm, with cytogenetic damage of male germ cells (Bustos-Obregón and Díaz 1999). The earthworms were subjected to different doses of X-rays and chemicals, were examined carefully under the microscope. The sperms of these worms had different morphological phenotypes, as shown in Fig. 4 . The altered sperm morphologies were as follows: (1) fragmented acrosome in the head (Fig. 4b) ; (2) a break in the tail (Fig. 4c) , and (3) zigzag tails, as shown in Fig. 4d , and those with the above three morphological phenotypes were counted (Fig. 4e-g ). The data clearly shows that frequency of the observed phenotypes in the sperm increases with enhanced doses of X-ray radiation. Similarly, Rikmenspoel and Van Herpen (1969) found that, at low doses of radiation, a fraction of the sperm of bull was killed, and their survival rate of the sperm was reduced significantly. The phenotype, fragmented acrosome in the head, has been observed in the ethidium bromide injected worms and also in the X-ray-irradiated worms. The break and zigzag in the tail are the phenotypes observed only in the irradiated worms. Hence, these unique phenotypes are easy to observe with minimum laboratory facilities and can be used as a tool to assess radiation hazards in soil. 
